ABSTRACT: Frozen-thawed boar sperm (FTS) has reduced motility and viability compared to cooled semen. Motility of FTS is related to in vitro and in vivo fertility, but this effect has not been determined in relation to the timing of ovulation. To test the effect of variable FTS motility in a multiple-AI system, ejaculates from 38 boars were collected and frozen in 0.5-mL straws. Upon thawing, samples were classified (mean ± SEM) by motility as poor (P, 20.2% ± 1.1%), moderate (M, 31.3% ± 0.9%), or good (G, 43.5% ± 0.8%). In replicates, mature gilts were synchronized and checked for estrus at 12-h intervals and assigned (n = 207) to receive 4.0 billion total sperm in each AI at 24 and 36 h after onset of estrus using the treatments: 1) P and M (P-M), 2) M and P (M-P), 3) G and M (G-M), and 4) M and G (M-G). For each treatment combination, a set of 3 boars was randomly selected within motility class for their allelic distinction with M sperm from a single boar represented across all treatments and sires used in both first and second inseminations. The insemination to ovulation interval (IOI) was determined using ultrasound every 12 h. Reproductive tracts were collected at approximately d 32 after AI. Treatment did not interact with IOI (P > 0.10) and did not affect (P > 0.10) pregnancy rate (57%, 67%, 71%, 76% ± 7.2%, pooled SEM) or total number of fetuses (9.2, 9.1, 9.5, 10.0 ± 0.8) for P-M, M-P, G-M, and M-G treatments, respectively. Treatment did affect (P < 0.05) the number of fetuses sired from the first AI (3.1, 7.2, 6.4, 6.3 ± 1.2) and second AI (5.7, 2.6, 3.0, 3.6 ± 0.9) for the P-M, M-P, G-M, and M-G treatments, respectively. The IOI also influenced (P < 0.05) the proportion of offspring sired by the second AI (30.0%, 57.7%, 51.3%, 18.3% ± 6.5%), as well as the number of fetuses sired by each AI. These results indicate FTS motility had no effect on pregnancy rate or litter size but did affect the number of fetuses sired from the first and second inseminations. The first AI appears to sire most of the litter except when P sperm was used. Number of fetuses sired was reduced when P sperm was used in either insemination compared to M, although no difference was evident between M and G. Fetal paternity appears to be a more sensitive marker for identifying the effects of sperm quality and IOI in a multiple-AI system with use of FTS. These results suggest that use of semen of various qualities can be used in combinations to aid in pregnancy establishment and contribute to litter size.
INTRODUCTION
Artificial insemination with cooled semen is used for breeding most U.S. sows (Weitze, 2000) , although frozen-thawed sperm (FTS) is used in <1% of all matings (Johnson et al., 2000) . With FTS, there is a decrease in fertility and number of live sperm (Roca et al., 2006) because of cryodamage (Colenbrander et al., 2000) , which results in fewer AI doses and sperm with a shorter fertile life Watson, 2000) . Further, with conventional AI, 4 to 6 billion FTS are required to produce optimal litter sizes similar to AI with cooled sperm (Watson and Behan, 2002; Reicks and Levis, 2008) , and multiple inseminations are needed to compensate for variation in time of ovulation and to establish pregnancy (Soede and Kemp, 1997; Lamberson and Safranski, 2000) . Despite these limits, commercial application (Knox, 2011; Didion et al., 2013) could provide opportunities for improved sample testing for disease, extended storage, and use of sperm from valued sires (Bailey et al., 2008) .
Motility is an important indicator for cooled semen use (Gadea, 2005) , and >70% motility is the industry standard because fertility is reduced when used below this measure (Flowers, 1997; Gadea et al., 2004) . However, most FTS is <60% motile (Purdy, 2008; Medrano et al., 2009 ) with variation among (Hernández et al., 2007) and within boars (Pelaez et al., 2006) . Motility of FTS affects in vitro (Gil et al., 2008) and in vivo (Casas et al., 2010) measures of fertility, but there is no information on FTS motility in relation to interval from insemination to ovulation in a multiple-AI system. This information could be important for predicting fertility of FTS with different qualities, timing inseminations, and changing requirements for number of sperm.
To develop insemination strategies with improved potential for fertility with FTS of variable quality in a double-AI system, we tested the effects of good-, moderate-, and poor-motility sperm when used in the first or second AI in relation to ovulation time on pregnancy establishment, litter size, and fetal paternity.
MATERIALS AND METHODS:
The use of animals for this experiment was approved by the institutional animal care and use committee of the University of Illinois.
Animals and Synchronization of Estrus
This experiment was performed in 7 replicates from January to October 2012 at the University of Illinois Swine Research Center. Terminal line gilts (n = 290; Genetiporc USA, Alexandria, MN) were moved from a finishing barn into pens in a gestation building between 147 and 180 d of age. Gilts were observed for estrous expression using the back-pressure test during fence line exposure to a mature boar. Gilts that had exhibited estrus (n = 268) were then moved into gestation stalls and synchronized by feeding 15 mg×gilt -1 ×d -1 of MATRIX (Altrenogest 2.2 mg/mL, Merck Animal Health, Summit, NJ) for 14 d as a top-dress on a standard sow gestation diet. In the first 2 replicates, gilts were treated with 5.0 mL of PG600 (400 IU eCG and 200 IU hCG, Merck Animal Health, Summit, NJ) 24 h following the last MATRIX feeding (LMF) to improve synchrony and expression of estrus. However, it was not used in the remaining replicates because of variation in follicle size and limited improvement in expression of estrus. Beginning on the third day following LMF, estrous detection was performed twice daily at 12-h intervals (0700 and 1900 h).
Experimental Design
To test the fertility effect of FTS with different motility classification for use in a multiple-AI system in relation to time of ovulation, ejaculates were collected from multiple boars and frozen in 0.5-mL straws. Upon thawing, samples were analyzed and classified on the basis of motility as good (G, ≥40%), moderate (M, 26% to 39%), or poor (P, 16% to 25%), similar to Pelaez et al. (2006) and Hernández et al. (2007) . At onset of estrus, gilts (n = 207) were assigned to receive a total of 4.0 billion sperm (live + dead sperm) from a single motility class in the first and second AI performed 24 and 36 h after onset of estrus using the following treatment combinations: 1) P and M (P-M), 2) M and P (M-P), 3) G and M (G-M), and 4) M and G (M-G). For each set of the treatment combinations, 3 boars were randomly selected within each motility class for their allelic distinction with M sperm from a single boar represented across the treatment set and all sires used in both first and second inseminations (Table 1) . This design allowed us to make direct treatment comparisons and indirect comparisons without having all treatment combinations represented, as described by Collins et al. (2008) . The use of boars within each motility class with allelic distinction allowed us to identify fetal paternity, and using each Table 1 . Example allocation of gilts to treatment within a replicate by sire for first and second inseminations with frozen-thawed boar sperm classified as having poor (P), moderate (M), or good (G) motility 1 A-F Numbers (1 to 16) represent the first 16/36 gilts assigned to treatment in a replicate based on order of estrus expression, with superscripts indicating some of the 38 sires that could be used (A-F) in order of insemination.
1 Gilts were assigned in numerical order as they expressed estrus. For each treatment row, 3 boars were randomly selected within motility class and by their allelic distinction from the other boars used within the row. Also within a row, the same boar with moderate sperm was represented across all treatments. This treatment design allowed direct comparisons among treatments and indirect comparisons without performing all comparisons. Treatments were designed to obtain the best estimates without performing all comparisons between boars, similar to Collins et al. (2008) . sire in the first and second inseminations allowed determination for the effect of insemination order and sire effects. Gilts assigned to treatment averaged 229 ± 1 d of age (mean ± SEM) at first insemination. Fixed-time inseminations occurred at 24 and 36 h following onset of estrus. Transrectal real-time ultrasound (Aloka 500V, Tokyo, Japan) began 12 h following onset of estrus and continued at 12-h intervals to observe the number and size of ovulatory follicles (≥6.5 mm) and to determine when ovulation was complete (Knox and Althouse, 1999; Knox et al., 2002) . These data were used to calculate the interval from onset of estrus to ovulation (EOI) and the insemination to ovulation interval (IOI) for first and second AI. The intervals calculated used the hours until ovulation was observed to have occurred.
Semen Collection, Freezing, and Evaluation
Boars (n = 38, Genetiporc USA, Alexandria, MN) from a commercial genetic supplier and used in a regular collection rotation were selected for this experiment. Ejaculates (n = 54) were frozen from July 2010 to August 2012. Multiple ejaculates were obtained for 14 of the boars with 13/14 having ejaculates in only 1 category although 1 boar had ejaculates in both M and P classes. At the boar stud, semen was collected and diluted with Modena extender (Swine Genetics International, Cambridge, IA) at a ratio of 1:1 and cooled to 17°C within 0.5 h after collection and shipped overnight to either the USDA-ARS National Center for Genetic Resources Preservation (Fort Collins, CO) for processing as described by Spencer et al. (2010) or to the University of Illinois (Urbana, IL) for processing using the procedures of Ringwelski et al. (2013) .
Briefly, on semen arrival at the freezing labs, the sample was evaluated for concentration and motility and centrifuged at 800 × g at 4°C for 12 min, and the supernatant was aspirated. The sperm pellet was resuspended with Androhep CryoGuard Cooling Extender (Minitube of America, Verona, WI) to a concentration of 2.8 × 10 9 sperm/mL and held at 5°C for 2.5 h before dilution with Androhep CryoGuard Freezing Extender (Minitube of America) to a final concentration of 1.4 × 10 9 sperm/mL. Straws (0.5 mL) were filled and then placed into the Ice Cube controlled-rate freezer (Minitube of America) using the freezing processes described by Spencer et al. (2010) and Ringwelski et al. (2013) and were stored in liquid nitrogen.
All FTS samples were evaluated at the University of Illinois by the same technician. Post-thaw motility was determined by evaluating 3 straws independently for each ejaculate before final classification based on motility (Table 2 ). Straws were thawed at 50°C for 20 s, and the contents expelled into glass tubes at 37°C. Samples were diluted in Androhep CryoGuard Thawing Extender (Minitube of America) at 1:40 for motility and 1:400 for concentration. Motility evaluation was performed at 5, 30, and 60 min after thawing. Samples were examined under a phase-contrast microscope with a 37°C heated stage at 200× magnification. Ten fields were examined to evaluate 100 sperm, and motility was expressed as a percentage of the total number of sperm cells. After subjective analyses were completed and the motility of the 3 straws was within the same class, the initial measure was used for ejaculate classification. All samples were later reconfirmed for motility using CASA (Hamilton Thorne, Beverly, MA) with all sample values within ±5% of the subjective mean and with no change in motility class. Fluorescent staining was also performed on the same ejaculates to determine membrane integrity using propidium iodide (PI; Sigma Aldrich, St. Louis, MO) and acrosome integrity using fluorescein isothiocyanatelectin from Arachis hypogaea (FITC-PNA, Sigma Aldrich). Samples were thawed and diluted 1:50 in 26°C Beltsville Thawing Solution (Minitube of America) and coincubated for 10 to 15 min with the fluorescent stains and then fixed with 0.4% paraformaldehyde in PBS solution. A total of 300 sperm were analyzed for fluorescence using a Carl Zeiss AxioCamHRc (Carl Zeiss Microscopy, LLC., Thornwood, NY) at 400× magnification, and the percentage of PI negative and FITC-PNA positive sperm calculated from the total number of sperm evaluated (Table 2) .
Semen Thawing and Insemination
Thawing of straws was performed in a thermally controlled water bath at 50°C for 20 s. The contents of the straws were expelled into 100-mL plastic AI bottles containing 80 mL of Androhep CryoGuard Thawing Extender held in a 26°C water bath. Within 15 min of thawing, intracervical insemination was performed x-z Within a column, means without a common superscript are different (P < 0.05).
1 Evaluation for motility was performed 5 min after thawing using microscopic assessment and then was confirmed using CASA (Hamilton Thorne, Beverly, MA) for all ejaculates, with motility classified as good (G, ≥40%), moderate (M, 26% to 39%), or poor (P, 16% to 25%).
2 n = number of ejaculates collected from 38 individual boars.
using polygel-tipped AI catheters (Minitube of America). All inseminations were subjectively scored for fluid loss during and in the minute following AI catheter removal, with a score of 1 showing little or no fluid lost, 2 exhibiting moderate loss, and 3 indicating excessive fluid lost.
The average scores for all first and second inseminations were 1.6 ± 0.1 and 1.7 ± 0.0, respectively.
Reproductive Tract Processing for Pregnancy and Litter Responses
Gilts were slaughtered at a local abattoir 31 to 35 d following AI (32 ± 1.0 d, mean ± SE). The reproductive tracts were collected and assessed for pregnancy status and the number of normal and abnormal fetuses. Fetuses were counted and weighed, and those with abnormal appearance in size or color and that were ≥1 SD below the average weight of the normal fetuses were classified as abnormal. A liver sample was removed from each individual fetus for DNA genotyping to determine paternity. Ovaries were examined for the number of corpora lutea and the presence of any abnormalities such as cystic (>12 mm) follicles or cystic corpora lutea.
DNA Genotyping
To determine the impact of FTS motility and IOI, parental identification of fetuses was performed using DNA obtained from the semen of all boars, the blood of all gilts bred, and the liver of all fetuses using a procedure described previously by Ringwelski et al. (2013) . Briefly, samples were digested, and DNA was isolated using ZR-96 Quick-gDNA (Zymo Research, Irvine, CA). A panel of 14 microsatellite markers was chosen and primers were synthesized for use in PCR for fragment analysis based on size and fluorescent tag combination. Multiplex PCR products were combined and purified and sequenced as described by Meyers et al. (2010) . Alleles were identified using GeneMarker software (SoftGenetics, LLC, State College, PA) and checked manually. Parentage of the fetus was determined manually using the genotypes from the dam and the 2 potential sires.
Statistical Analysis
Data were analyzed using ANOVA procedures in SAS (SAS Institute Inc., Cary, NC). Continuous response measures were analyzed using the PROC MIXED procedure for significance of the main effects using the F-test and differences between least squares means identified using the t test. Binary response measures were analyzed using PROC GENMOD, and significant main effects and differences between least squares means were identified using the x 2 test. Binary analyses were performed using a binary distribution and a logit link. All models for the dependent variables included the main effects of treatment (4 levels), IOI for first and second AI and their interaction, and first AI and second AI sire and replicate. Of the other variables tested, only ovulation rate (P < 0.05) was significant for total and normal fetuses. The other variables, such as insemination score, interval from LMF to estrus, and duration of estrus, were included as class variables or covariates where appropriate and were not significant (P > 0.10) and were removed from final models. The assumptions of ANOVA for normal distribution of data were evaluated and tested using PROC UNIVARIATE, and those for homogeneity of variance were evaluated and tested using Levene's test. Significant differences were identified at P ≤ 0.05 and trends at P > 0.05 and ≤ 0.10.
Gilts assigned to treatment were excluded from analyses for abnormalities that included an EOI > 60 h (n = 12), ovarian cysts at estrus or at slaughter (n = 21), or uterine infection at slaughter (n = 2).
RESULTS
Although a total of 4.0 × 10 9 sperm were used in each AI for all treatments, the actual number of motile sperm inseminated was 0.8 × 10 9 ± 0.2 for P, 1.2 × 10 9 ± 0.2 for M, and 1.7 × 10 9 ± 0.1 for G. The interval from LMF to estrus was 7.2 ± 0.8 d, and the duration of estrus averaged 44.1 ± 1.0 h. The EOI averaged 35.3 ± 0.8 h, and the ovulation rate averaged 14.8 ± 0.3 corpora lutea.
There was no treatment × IOI interaction for first or second AI for any response measure assessed in this study (P > 0.10), and therefore, only main effects are presented. Sire used in the first and second AI was also not significant (P > 0.10) and was not included in the final models.
Pregnancy Rate and Litter Responses
There was no effect (P > 0.10) of treatment (Table 3) or IOI (Table 4) on pregnancy rate, number of normal fetuses, or average fetal weight.
Proportion of Litter and Fetuses from First and Second Inseminations
Treatment influenced the number of fetuses sired from the first and second AI (Table 3 ; P < 0.05). The number of fetuses sired from the first AI was greater than those sired from the second in all treatments except P-M. The frequency distribution of litters with number of fetuses sired within a litter from the first AI and second AI is shown in Fig. 1 and 2 , respectively. The IOI also affected number of fetuses sired (Table 4 ; P < 0.05), with an increase in number sired when the first AI occurred at 0 h relative to ovulation compared to −12 and −24 h but not −36 h. There was no effect of treatment (Table 3) on the proportion of fetuses sired from the first AI, but there was a trend (P = 0.10) for the IOI from the first AI to impact the proportion (Table 4 ). The IOI for the second AI influenced the proportion of fetuses, resulting in smaller proportions sired when ovulation occurred at +12 or −24 h compared to 0 and −12 h (Table 4 ; P < 0.05).
DISCUSSION
This study was designed to evaluate insemination strategies when using FTS of variable motility in a double-AI system for improved fertility and to extend the use of valuable sperm. To accomplish this, our approach was to determine whether different classes of FTS motility used in the first or second AI would affect pregnancy establishment, litter size, and fetal paternity in relation to time of ovulation. Although we were not able to detect differences in pregnancy rate or litter size with FTS differing by ~10% in motility, changes in the number of fetuses sired by each AI was sensitive enough to identify the effects of treatment and IOI. Regardless of the order, when P sperm was used there were, on average, 30% fewer fetuses sired when compared to use of M sperm. Interestingly, the first insemination sired ~60% of all litters except when poor-motility sperm was used. In addition, when examining the number of fetuses sired, compared with G or M sperm, when P sperm was used in the first AI, fewer litters with more than 6 pigs were sired by that insemination. No differences in fertility were evident when G and M sperm were used in combination. This work has practical implications because the motility of FTS has been reported to affect in vitro (Gil et al., 2008) and in vivo (Casas et al., 2010) fertility. Of concern is that the motility of FTS is already reduced (Purdy, 2008; Medrano et al., 2009) , with wide variation noted among boars (Woelders et al., 1995; Hofmo and Grevle, 2000; Hernández et al., 2007; Juarez et al., 2011) and between ejaculates within a boar (Pelaez et al., 2006) . This can create problems as superior sires may never or only infrequently produce goodquality frozen sperm. If this is the case, they may not be used for cryopreservation or may only be used with Table 3 . Means (±SEM) for pregnancy rate, number of fetuses, embryo survival, and fetal paternity from each insemination as affected by first and second inseminations with frozen-thawed boar sperm (FTS) classified as having poor (P), moderate (M), or good (G) motility Total number of fetuses from first AI Total number of fetuses from second AI P-M 41 57.1 ± 8.0 9.2 ± 1.1 8.7 ± 1.0 61.5 ± 6.5 38.1 ± 9.4 61.4 ± 9.2 3.1 ± 0.9 x 5.7 ± 1.1 x M-P 43 67.4 ± 7.2 9.1 ± 0.7 8.8 ± 0.7 63.1 ± 4.4 67.6 ± 8.6 31.7 ± 8.5 7.2 ± 1.1 y 2.6 ± 0.8 y G-M 45 71.1 ± 6.8 9.5 ± 0.7 9.3 ± 0.7 61.6 ± 4.6 65.5 ± 7.0 33.6 ± 7.0 6.4 ± 0.9 y 3.0 ± 0.8 y M-G 42 75.6 ± 6.8 10.0 ± 0.8 9.6 ± 0.7 65.5 ± 4.4 65.0 ± 7.5 34.8 ± 7.6 6.3 ± 1.0 y 3.6 ± 0.9 y x,y Within a column, means without a common superscript are different (P < 0.05). 1 Gilts received a total number of 4.0 billion FTS assessed as P (20.2% ± 1.1%), M (31.3% ± 0.9%), or G (43.5% ± 0.8%) in 80 mL of extender at 24 and 36 h after detection of estrus. The number of motile FTS in each AI was 0.8 × 10 9 ± 0.2 for P, 1.2 × 10 9 ± 0.2 for M, and 1.7 × 10 9 ± 0.1 for G.
2 Of all animals assigned to treatment, gilts were excluded from analyses because of an abnormally long estrus to ovulation interval (>60 h, n = 12) or if ovarian and reproductive tract abnormalities, such as ovarian cysts or uterine infection, were evident at estrus or slaughter (n = 23).
3 Determined at slaughter at 31 to 35 d following AI.
4 Embryo survival determined from number of normal fetuses/number of corpora lutea. 8.4 ± 0.8 8.1 ± 0.9 57.8 ± 5.4 40.9 ± 9.8 a 57.7 ± 9.7 y 3.4 ± 0.9 x 5.4 ± 1.1 y -12 0 66 70.0 ± 5.7 9.8 ± 0.7 9.6 ± 0.6 65.1 ± 4.3 49.4 ± 6.8 a 51.3 ± 6.7 y 4.9 ± 0.8 x 5.0 ± 0.8 y 0 12 55 68.5 ± 6.3 10.2 ± 0.1 9.8 ± 0.7 66.5 ± 4.1 80.1 ± 5.5 b 18.3 ± 5.4 x 8.4 ± 0.9 y 1.6 ± 0.6 x a,b Within a column, means without a common superscript are different (P = 0.1).
x,y Within a column, means without a common superscript are different (P < 0.05).
1 Estrus detection and ultrasound were performed at 12-h intervals (0600 and 1800 h), and gilts received 4.0 billion total sperm assessed as having poor (P, 20.2 ± 3.4%), moderate (M, 31.3 ± 4.2%), or good (G, 43.5 ± 3.2%) motility in the first or second insemination at 24 and 36 h after detection of estrus.
2 Gilts (n = 12) could not be included because of the inability to perform repeated transrectal ultrasound to confirm ovulation time.
3 Determined at slaughter at d 31 to 35 following AI.
high numbers of sperm in the AI dose (Cremades et al., 2005; Foxcroft et al., 2008; Spencer et al., 2010) . Our results suggest that for valued sires with variable quality in the post-thaw motility from different ejaculates, the order for use in the double AI can affect fertility and may be used to determine how to best extend the use of limited numbers of fertile sperm. Classification for FTS quality based on motility is actually quite variable (Thurston et al., 2003; Hernández et al., 2007; Casas et al., 2010) , with the majority of samples <60% motile. Detecting fertility effects among different levels of low-motility FTS may be challenging, but it would appear that paternity testing within the litter offers an opportunity to identify these subtle differences. Previous studies with cooled semen have shown that the proportion of offspring sired can be used as an indicator of fertility differences between boars when using pooled semen or first and second inseminations from different sires (Dziuk, 1970; Flowers, 1997) . From these studies it was reported that sperm from 1 of the males will often fertilize a majority of the eggs (Dziuk, 1996) and that the seminal plasma components of high-fertility boars could be added to the sperm of low-fertility boars to improve their fertility (Flowers, 1997; Foxcroft et al., 2008) . Interestingly, seminal plasma is removed during the processing procedures for FTS, and when added back to good-quality samples in homo-or heterospermic inseminations, no beneficial effect on fertility was observed (Pursel and Johnson, 1975) . This might suggest that the fertility effect of seminal plasma might not be detected for FTS or only if poor-motility FTS were used. Ringwelski et al. (2013) also used heterospermic inseminations to detect an interaction of interval between inseminations and the EOI. Although use of pooled semen (heterospermic) is common in commercial pig production to reduce the risk of lowered pig production in groups of females inseminated with the same semen from a subfertile boar, this technique is not generally used at the genetic selection levels and may not be applied widely with use of FTS (Knox et al., 2008) .
Although it is not entirely clear how motility differences in FTS translate into different fertility outcomes, it has been reported that the addition of caffeine to FTS in vitro results in increased motility, which provides an improved estimate of viable sperm compared to samples tested without caffeine (Pelaez et al., 2006) . This observation would tend to support the data from the present study and many other published studies in which the viability for FTS is often higher than the motility. It is also possible that fertility effects from motility may arise from sperm that are classified as G being more stable or resistant to changes in the female reproductive tract following AI when compared to lower-quality sperm (Hernández et al., 2007) . Reduced motility of FTS might also be indicative of higher rates or degrees of cryoinjury and be associated with increased sperm backflow and phagocytosis in the uterus following AI (Roca et al., 2006) . Supporting evidence for this effect may come from the work of Yamaguchi et al. (2009) , who added caffeine and CaCl 2 to FTS and observed an increase of sperm in the reservoirs and improved fertility following AI and hypothesized an effect through suppression of the uterine immune response. Our results also support the work of others where differences of ~10% in FTS motility with use of moderate-to goodquality sperm did not alter fertility in vitro (Eriksson and Rodriguez-Martinez, 2000) or in vivo (Pursel and Johnson, 1975) . However, Bwanga et al. (1991) did report changes in fertilization rates when ~20% differences occurred between the M and G ranges. From a practical standpoint, since variation between and within boar ejaculates over time for pre-and postthaw quality has been reported, an obvious question becomes how or if to use these poor-quality samples to take advantage of limited genetic material. This study suggests that strategic use of FTS, including poor quality, could be used to help increase the use of genetically superior sires and improve numbers of pigs produced. Extrapolating our data for pig production with the use of a fertility index based on 100 sows mated and using the treatment means for pregnancy rate and number of healthy fetuses, the index results in a 10% to 13% stepwise reduction in potential pigs produced from the use of M-G (756), G-M (711), M-P (674), and P-M (561). These data indicate an importance to the order of insemination quality. Although the means for pregnancy and litter size were not statistically different, the numerical means for these and the production index suggest a fertility advantage for use of combinations of good-and moderate-motility sperm. Further, there is a clear advantage in fertility for the first AI except when poor-motility FTS is used. From a practical standpoint, if valued genetic FTS is available from multiple ejaculates from a single sire but with variable quality, it may be possible to use the sperm more efficiently using higher-quality sperm for the first AI and using P sperm in the second AI. Although our treatment design did not include all combinations with P-P, M-M, and G-G, our data would suggest reduced fertility with P-P, although increased fertility would not be expected with G-G compared with use of G-M, M-G, or M-M. However, it may be possible to improve fertility by mixing sperm of various qualities or by using the highest-quality sperm in the first AI. Further, for use of FTS, it would appear that there was no significant increase in fertility when the number of motile sperm inseminated was 1.7 billion compared to 1.2 billion, although use of 0.8 billion sperm in either the first or second AI resulted in a decrease in pigs sired. This information could be used to help extend the use of superior sires with FTS based on numbers of motile sperm.
Single inseminations would be desirable for use of cooled or FTS and could each result in good fertility if they occurred at the optimal time before ovulation . However, variation in the EOI has been reported in mature gilts (Spencer et al., 2010; Ringwelski et al., 2013) and in weaned sows Nissen et al., 1997) . This variation causes some inseminations to occur too early or too late, resulting in decreased pregnancy rates and litter sizes with cooled sperm Nissen et al., 1997; Almeida et al., 2000) and with FTS (Spencer et al., 2010; Ringwelski et al., 2013) . As a result of this variation and the inability to predict ovulation, the industry has adopted a protocol where 2 inseminations are spaced 18 to 24 h apart for cooled semen for optimal fertility compared to the use of single inseminations (Flowers and Esbenshade, 1993; Lamberson and Safranski, 2000; Koketsu, 2005) . The timing and spacing of inseminations with FTS is even more critical because the duration of sperm fertility in-vivo is reduced compared to cooled semen , and single inseminations with FTS often lead to reduced fertility (Johnson, 1985; Almlid et al., 1987) . Studies that control ovulation time have been successful with a single AI occurring 6 h ahead of ovulation but not following ovulation (Bertani et al., 1997) . Spencer et al. (2010) did not observe an effect of single compared to double insemination using FTS, but this may have been due to the 24 and 32 h fixed AI timing relative to detection of estrus in the evening, resulting in late-night inseminations that would not be practical for routine use of FTS. Surprisingly, we did not observe an effect for interval from first or second AI to ovulation on pregnancy rate or litter size but did detect differences in fetal paternity. It has been reported that ovulation in gilts usually occurs between 33 and 42 h after onset of estrus (Almeida et al., 2000; Bortolozzo et al., 2005) , with induced prepubertal gilts ovulating at 33 h (Spencer et al., 2010) and mature gilts ovulating at 37 h (Ringwelski et al., 2013) . According to previous studies, the life-span of FTS in-vivo is approximately 12 h Watson, 2000) , but to match the fertility of cooled semen, an AI with FTS must occur within 4 h before ovulation. On the basis of these data, we fixed inseminations at 24 and 36 h after onset of estrus for practical AI timing and observed a mean EOI of 35 h. Approximately 34% of the gilts ovulated by 24 h, 41% by 36 h, 20% by 48 h, and 4% by 60 h. With our fixed-time inseminations, the majority of gilts ovulated within 12 h of receiving an insemination. It was interesting to note that 43% of all litters were sired in entirety by the first AI, 23% by the second AI, and the remaining 34% by the combination of both inseminations.
Conclusions
The results of this study indicate that when using a double insemination with FTS at 24 and 36 h after onset of estrus in mature gilts, the use of combinations of semen of different motility in the first and second AI did not affect pregnancy rate or litter size, but use of poor-quality sperm reduced piglets sired by that insemination. Further, there appears to be no fertility advantage for use of good-compared to moderate-motility FTS. Fetal paternity is a more sensitive tool for evaluating the effects of FTS quality and AI timing relative to ovulation. These data also suggest that insemination of 1.2 billion motile FTS sperm in a double AI could be used to help extend use of FTS compared to use of greater sperm numbers. The pig production index indicates that the order of insemination of sperm of different qualities will have an effect on overall fertility.
